Introduction
In fruit flies and probably most other insects, nonvolatile compounds, most notably many food chemicals, are thought to be recognized by seven transmembrane receptors that are expressed in taste neurons located on the labial palps (the equivalent of the mammalian tongue), legs, and wings [10, 11] . The Drosophila gustatory receptor (Gr) gene family is comprised of 68 relatively poorly conserved genes, with amino acid sequence similarity in the range of 8% to 20% between most pairs [12] ( Figure S1 in the Supplemental Data available online). Gr orthologs are found in other insects, but they are absent in vertebrates, C. elegans, and more primitive organisms, such as yeast or bacteria. The large differences in gene number-the honeybee has only 12 GRs, whereas Drosophila has almost 70 [13] -and their poor conservation suggest that this gene family is subject to rapid adaptation driven by the vastly different ecological niches that these insect species occupy.
Because of the dispersed location of taste sensilla throughout the body-flies and many other insects harbor taste sensilla not only on the labellum, but also on the legs and wings-and the overall low abundance of Gr mRNAs in gustatory receptor neurons (GRNs), expression analyses of Gr genes have been performed mainly with the use of the Gal4/UAS (upstream activating sequence) system [1-4, 14, 15] . These studies have led to the identification of two distinct sets of GRNs that are characterized by the mutually exclusive expression of different Gr genes. The first group is composed of about 22 GRNs-a single taste neuron of each of the 22 I and S type sensilla-and expresses Gr66a [1, 2] . However, all of these neurons express additional, but distinct Gr genes, and hence, each neuron is defined by a unique Gr expression code. Functional studies revealed that Gr66a-expressing neurons detect bitter compounds, most notably caffeine, because flies in which these cells are impaired show significantly reduced sensitivity to such chemicals [1, 2] . Thus, it is generally assumed that the Gr genes expressed in these 22 I and S type sensilla encode receptors for harmful, noxious, and toxic (and, to humans, bitter-tasting) compounds. The second group of GRNs is currently represented by a single Gr gene, Gr5a, and the ablation or inactivation of these neurons lead to reduced sensitivity for this sugar and, to a weaker extent, to some other sugars, as well [1, 2] . Importantly, Gr5a and Gr66a are expressed in distinct, nonoverlapping sets of GRNs and mediate distinct behavioral responses, feeding and avoidance, respectively [1, 2] .
The specific molecular roles of all but a few Gr genes are currently unknown. The only two GRs expressed in GRNs with known ligands are GR5a and GR66a, which detect the sugar trehalose and the bitter compound caffeine, respectively [7] [8] [9] . Gr5a is a member of a gene subfamily comprised of seven additional members, Gr61a and Gr64a-f, which evolved through recent gene duplication events [12] and therefore share relatively high similarity to each other (41% to 73% at the amino acid level; Figure S1 ). Here, we investigate the role of Gr64a-f and show that they encode receptors for many sugars. Moreover, our data suggest an uncommon mode of coexpression of these genes, which are transcribed as multicistronic mRNA(s), providing an efficient and elegant strategy for the expression of these receptors in the same taste neurons.
Results and Discussion
Generating a Drosophila Strain That Lacks Six Putative Sugar Receptor Genes To gain a basic understanding of sugar perception in Drosophila, we performed a reverse genetic analysis of *Correspondence: hoa1@duke.edu the six Gr64 genes, which are tightly clustered on the left arm of chromosome 3. We used FLP-recombination target (FRT)-mediated trans-recombination [16, 17] to create a 25 kb deletion of the region containing the Gr64a gene cluster (DGr64), and we confirmed the expected molecular nature of this deletion by using genomic polymerase chain reaction (PCR) and DNA sequencing from the trans-recombined chromosome (see Experimental Procedures; Figure 1 ). In addition to the six Gr64 genes, this trans-recombination event also removed five additional genes on either side of the cluster, resulting in a homozygous lethal mutation, presumably because some of the neighboring genes have essential functions required for viability. We therefore cloned two genomic DNA constructs containing the two genes proximal (R1) or the three genes distal (R2) to the Gr64 locus, respectively, into a transformation vector and generated corresponding transgenic Drosophila lines (see Experimental Procedures; Figure 1 ). When R1 was crossed into the DGr64 mutant strain, viability was completely restored, indicating that at least one of the two proximally located genes provides a life-essential function. Even though it is unlikely, it is possible that some genes on R1 and/or R2 might have functions related to taste perception, and we used DGr64/DGr64 flies that carried a copy of each of these rescue constructs for all behavioral experiments (see below).
The Gr64 Genes Encode Sugar Receptors
We first investigated whether the Gr64 genes were required for the detection of six sugars by generating DGr64 homozygous mutant flies that contained one copy of each of the rescue constructs (R1/+;R2/ +;DGr64/DGr64). We determined the behavioral response of these and control flies to sucrose, glucose, trehalose, fructose, arabinose, and maltose by using the proboscis extension reflex (PER; Figure 2 ). For controls, we tested flies that were heterozygous for each of the two piggyBac elements used to generate the DGr64 mutation (Figure 2 ), as well as flies that had an intact Gr64 cluster but contained a copy of R1 and R2 to rule out a dominant phenotype of these transgenes (Figure S2 ). PER is a robust indicator of a fly's attraction and motivation to eat a given chemical compound [18] . If taste neurons in labial palps or the forelegs are stimulated with a solution containing sugars, the fly extends its proboscis to attempt feeding. Indeed, we find that both control strains responded with high probability of a PER, ranging from 42% to 97% when stimulated with a 500 mM solution of various sugars (Figure 2A ). Even at a 5-fold lower concentration (100 mM), both types of control flies responded to all sugars, albeit with a reduced PER ( Figure 2B , Figure S2 ). In contrast, R1/ +;R2/+;DGr64/DGr64 flies showed a drastic reduction in PER for all sugars at both 500 and 100 mM, except for fructose. In most cases, the reduction was at least 10-fold, whereas sensitivity for sucrose was reduced only by about 3-fold (Figures 2A and 2B) . However, the PER response to fructose was the same in control flies and R1/+;R2/+;DGr64/DGr64 mutant flies at 100 mM and reduced by only about 35% at 500 mM, suggesting that a high-affinity fructose receptor is present in flies lacking all six Gr64 genes.
It was recently shown that flies exhibit a behavioral feeding response to glycerol, a linear triol, and indeed, glycerol was shown to stimulate sugar-sensitive neurons [19] . We wondered whether glycerol detection is also mediated by some of the GR64 receptors and therefore examined the PER response in control and DGr64 mutant flies. Indeed, we observed a 6-and 16-fold reduction of PER to 2% and 10% glycerol, respectively, in mutants when compared to controls.
The loss of behavioral response to trehalose in DGr64 mutant flies is surprising because these flies contain presumably a wild-type Gr5a gene, which encodes a receptor for this sugar [8, 9] . Therefore, the perception of trehalose appears to require at least two Gr genes, Gr5a and one or more members of the Gr64 gene cluster, suggesting that insect sugar receptors might function as dimers or multimers. To rule out the possibility that the loss of trehalose responses in these flies is caused by a defective Gr5a gene, we tested the PER response of heterozygous DGr64 flies that contained the same X chromosome (i.e., the same Gr5a gene) as the homozygous DGr64 flies ( Figure 2C ). These flies showed indeed a robust response to trehalose, indicating that a second receptor in the Gr64 locus is necessary for the detection of this sugar. Thus, trehalose, and possibly sugars in general, are detected by multimetric receptors composed of two or more GRs. There are precedents for insect chemoreceptors as multisubunit transmembrane receptors in the olfactory system: In most olfactory sensory neurons (OSNs), receptors for volatile chemicals appear to function as dimers consisting of the widely expressed OR83b protein and the single olfactory receptor (OR) expressed in a given OSN [20, 21] . Furthermore, a distinct subset of CO 2 -sensitive OSNs expresses the two gustatory receptors Gr63a and Gr21a, both of which are required for sensing this gas, a stress pheromone in flies [22] [23] [24] .
Homozygous DGr64 mutant flies show as robust a response to 100 mM fructose as do control flies, indicating that a functional fructose receptor does not contain any of the GR64 proteins. A receptor for this sugar might therefore be comprised of a heterodimer between GR61a and GR5a or a homodimer of either one of these two proteins. But other compositions are possible as well, such as heterodimers involving one of these subunits along with another GR protein. Any such dimer might also serve as a low-affinity receptor for other sugars and therefore be responsible for the residual PER responses to glucose, sucrose, maltose, and arabinose in homozygous DGr64 mutant flies ( Figure 2 ).
To assess whether the lack of the Gr64 gene affects the behavioral responses to other chemicals, we tested PER response to four chemically diverse, bitter-tasting compounds. Such compounds, which are known to inhibit feeding, reduce PER responses if they are mixed with sugar solutions [1, 2] . Therefore, we tested PER responses to 500 mM fructose solutions that included caffeine, denatonium benzoate, berberine, or quinine ( Figure 2D ). Both strains showed a similar decrease in PER response when stimulated with these solutions, suggesting that the Gr64 genes are not required for the detection (and avoidance) of bitter compounds. Taken together, our data suggest that the six Gr64 (B) Molecular analysis of the DGr64 mutation by genomic PCR. The diagram shows the structure of the Gr64 deletion (DGr64) after trans-recombination. Genomic DNA from w 1118 flies was also analyzed for comparison. Expected band sizes are as follows: 1.1 kb for primers T1 and T2, 1.5 kb for primers 11 and 12, and 6.9 kb for primers 13 and 14. Relevant band sizes from the ladder are marked along the sides of the gels. The 1.5 and 6.9 kb products were cloned and sequenced for further confirmation of the presence of the deletion. The 1.1 kb product is derived from the tubulin gene and serves as a control for DNA integrity. (D) RT-PCR of total RNA from fly heads indicates the presence of polycistronic transcripts in the Gr64 cluster. RNA was extracted from wild-type ORE-R flies. Each pair of primers spans at least one intron in each of the two genes being investigated. For each pair of primers used in an RT-PCR reaction, a corresponding PCR reaction was performed on genomic DNA so that a size comparison could be provided. RT-PCR products were isolated for each primer pair, cloned, and sequenced so that the integrity of appropriately spliced cDNA products could be confirmed. RT-PCR from leg tissue showed similar results (data not shown). Lanes marked ''RT'' represent RT-PCR products, and lanes marked ''G'' represent PCR products from genomic DNA.
genes are necessary specifically for the detection of most sugars.
Gr64 Genes Are Coexpressed as a Polycistronic mRNA The Gal4/UAS expression system [14] has been used very successfully to identify GRNs that express specific Gr genes [1] [2] [3] [4] 15] . We generated four Gr64-Gal4 driver constructs and combined these with the UAS-gfp reporters, but we did not observe expression in the main taste organs with any of them (J.S. and H.A., (A and B) Proboscis extension reflex response of DGr64 mutants and isogenic control flies to 500 mM (A) and 100 mM (B) sugar solutions. The genotype of DGr64 mutants is R1/+;R2/+;DGr64/DGr64, and that of the control flies is f03449/d06001. ''Probability of Extension'' represents the number of times flies from a given genotype extended their proboscis when presented with a tastant divided by the total number of times that the tastant was presented. For all data shown in Figure 2 , each graph is the average of 4-15 experiments 6 SEM (3-11 flies per experiment, 20-105 flies total for each strain and tastant tested). Asterisks indicate a significant difference between the mutant and control strains, as determined by a Student's t test (''*'' indicates p < 0.05 and ''***'' indicates p < 0.0001). Glycerol was used as 10% or 2% solutions in water. (C) The Gr5a gene is functional in R1/Y;R2/+;DGr64/DGr64 flies. Flies heterozygous for DGr64, but containing the same X chromosome (i.e., the same Gr5a) as the homozygous DGr64 flies, show normal and robust response to trehalose at both 100 mM and 500 mM concentrations. (D) PER response of DGr64 mutant and control strains to various bitter tastants in the presence of 500 mM fructose. The response to 500 mM fructose alone is shown for comparison. There was no significant difference between mutants and controls for any of the bitter solutions by Student's t test. promoters are extremely short (<100 nt) and lack transcription termination signals (AAUAAA), which are present in most Drosophila genes (Table 1) . These observations prompted us to test whether the Gr64 genes might be transcribed as a polycistronic messenger RNA (mRNA). We isolated mRNA from heads and performed RT-PCR analysis across the whole cluster by using primer pairs of adjacent genes ( Figures 1C and 1D ). To discriminate between products from spliced RNA and residual genomic DNA, primers were chosen such that the amplified fragments would represent spliced transcripts that lack at least one intron ( Figure 1C) . In each case, RT-PCR readily amplified a spliced RNA product composed of complementary DNAs (cDNAs) corresponding to adjacent ORFs and the intergenic sequence ( Figure 1D ). The same result was obtained when RNA isolated from leg tissue was used (data not shown). These results suggest that coding sequences of adjacent Gr64 genes are present on the same mRNA and, by inference, that possibly all six ORFs might be transcribed as a large polycistronic mRNA.
With the exception of nematodes, polycistronic transcripts are not thought to be common in higher eukaryotes. In C. elegans, however, a significant number of genes (w15%) are cotranscribed as operons, and independently trans-spliced to the abundantly expressed spliced leader (SL2) RNA [25] . However, it has recently become apparent that operon-like gene organizations and polycistronic mRNAs do exist in Drosophila; at least two transcripts initially postulated to be noncoding RNAs were shown to encode multiple, albeit redundant, peptides, with functions necessary in early development [26, 27] . Examples more similar to the Gr64 genes were described for four pairs of Drosophila Or genes and the Drosophila CheB42a-llz locus [28, 29] . The basic translation mechanism of polycistronic mRNAs of the Or gene pairs is unknown; however, the CheB42a-llz dicistronic transcript is subsequently cleaved into two mRNAs that appear to be translated separately [29] . Although a polyadenylation signal is present after the upstream gene (CheB42a) in this case, no putative promoter sequences were identified for the intergenic region in the CheB42a-llz locus [29] . A genomic survey by these authors for closely clustered genes lacking promoter sequences in the intergenic region identified almost 1,400 Drosophila gene pairs, suggesting that operonlike gene structures might be much more common in eukaryotes than is generally assumed [29] . Not surprisingly, several Or and Gr gene pairs were found to lack such promoter sequences, including the five downstream genes in the Gr64 gene cluster (see also Table 1 ).
Transgene Rescue of Sugar Phenotypes
To conclusively prove that the Gr64 genes indeed encode sugar receptors, we performed transgene rescue experiments. We cloned a genomic fragment containing five of the six Gr64 genes into the UAS reporter (UASGr64abcd_GFP_f; Gr64e was replaced by green fluorescent protein [GFP] ) and generated two types of R1/+;R2/ +;DGr64/DGr64 flies, the first containing the UASGr64abcd_GFP_f rescue construct (see Figure 1C ) and the second containing the same rescue construct as well as the Gr5a-Gal4 driver. The Gr5a-Gal4 driver is expressed in sugar-sensitive neurons of both the labellum and the legs [2] and should confer such expression on the rescue construct. At both 100 mM and 500 mM concentration, the UAS-Gr64abcd_GFP_f reporter rescued the PER response to similar levels as observed in the control strain (Figure 3) . Surprisingly, this rescue was independent of the GAL4 driver, indicating that intragenic regulatory elements confer sufficient expression onto the Gr64 genes. This expression was confirmed with RT-PCR analysis, which showed that regardless of whether the Gr5a-Gal4 was present, the Gr64 transcripts were readily amplified ( Figure S3) . We note that a second Gr64abcd_GFP_f reporter integrated in a different genomic location provided only partial rescue (data not shown).
Conclusion
Sugars are essential dietary compounds for many insects, including most Drosophila species. Although a single trehalose receptor has been identified previously [8, 9] , the molecular genetic basis for the perception of sugars in general was unknown. Here, we showed that the six Gr64 genes encode receptors for the detection of most sugars: sucrose, glucose, maltose, trehalose, and arabinose. Our data also suggest that the Drosophila taste receptors, similar to insect olfactory [20, 21] and CO 2 receptors [22, 24] and mammalian sweet taste receptors [30, 31] , function as dimers (or possibly Gr22  399  None  233  None  255  None  ----107  Gr93  --230  74  188  123  ----111  Gr98  --554  39  215  None  ----293  Gr28  838  164  --------67  Gr64  200  None  191  None  136  None  183  None  180  None  30  Gr59a,b  477  8  --------178  Gr59c,d  ----207  None  ----9  Gr10  309  128  --------219  Gr36  859  23  273  None  305  None  ----1098 Intergenic distances are indicated and refer to the number of nucleotides from stop codon to start codon. The nucleotide position of the polyadenylation signal (AAUAAA), if present in the intergenic regions, is indicated and represents the number of nucleotides between the stop codon and the first nucleotide of the polyadenylation signal. The last column indicates the position of the AAUAAA after the last gene in each cluster. The italicized entries indicate intergenic regions that were shown to lack obvious promoter sequences in a bioinformatic analysis performed by another group [29] .
multimers) because the detection of trehalose requires, in addition to GR5a, at least one of the six receptors encoded by the Gr64 genes. However, in contrast to mammals, which use T1R2/T1R3 heterodimers for the detection of all sugars [30, 31] , Drosophila appears to use distinct combinations of GRs for the detection of different sugars. Because GRs have been difficult to express in cell or heterologous systems, the availability of a mutant lacking the six Gr64 genes should help elucidate the molecular nature of dimeric (or multimeric) sugar receptors in insects.
RT-PCR analysis of Gr64 transcripts suggests that the six Gr64 genes are transcribed as a polycistronic mRNA, a rare mode of gene expression in eukaryotes other than C. elegans. Of the few known examples of operon-like genes in Drosophila, the CheB42a-llz locus is the bestcharacterized case of a polycistronic mRNA. The CheB42a-llz RNA, which encodes two proteins, is subsequently cleaved into two transcripts, which appear to be translated independently by a cap-independent process [29] . Elucidating how the Gr64 transcripts are processed posttranscriptionally and by which mechanism they are translated will be a challenging undertaking, especially if such processing only takes place in the correct cellular context (i.e., taste neurons). In any case, polycistronic, operon-like transcription of the Gr64 genes would provide an elegant solution for their coordinated expression in the same subset of sugar-responsive taste neurons.
Experimental Procedures
Deletion of the Gr64 Gene Cluster Insertion lines f03449 and d06001 were obtained from the Bloomington and Harvard stock centers and used to generate the Gr64 deletion with an approach previously described by Parks et al. [17] . In brief, the insertion line f03449 was crossed to a line carrying a hsp:FLP insertion, and the resulting progeny were crossed to the d06001 insertion line. Then, the hsp:FLP insertion was activated in the progeny of the second cross by heat shock, which resulted in the deletion of the Gr64 genes through recombination between the FRT sites contained in the piggyBac insertions. Deletions were detected with a pair of primers that anneal within the piggyBac elements and then confirmed with a second pair of primers that anneal within the genomic sequences flanking the site of the deletion. Both PCR products were sequenced, and they confirmed that the end points of the deletion coincided with the insertions sites of f03449 and d06001. The primers used for the detection of Gr64 deletions and a control DNA (tubulin gene) were as follows:
Transgenic Constructs
The genes flanking the Gr64 cluster that were also deleted during the excision process were rescued with genomic fragments digested out of BAC clone RPCI98-9C2 (Roswell Park Cancer Institute Drosophila BAC Library). A 14.2 kb EcoRI fragment containing fd64A, CG1134, and CG11594 was cloned into pUAST (Construct R2), and a 15.3 kb NsiI fragment containing CG11593 and CG1135 was cloned into the PstI site of pCaspR4 (Construct R1). In addition, the Gr64 rescue construct was derived from the same BAC clone and subcloned into the NotI and Acc65I sites of pUAST. The coding sequence of Gr64e was replaced with that of egfp (pEGFP-N3; Clontech) by PCR. All constructs were injected into w 1118 embryos, and transgenic flies were recovered according to standard procedures.
RT-PCR
PCR from genomic DNA was performed with the TAKARA LA PCR kit. RT-PCR was performed on DNase-treated RNA samples with the One-Step RT-PCR kit (Invitrogen), according to the PER response of DGr64 mutants (R1/+;R2/ +;DGr64/DGr64) carrying one copy of the UAS-Gr64abcd_GFP_f reporter, with or without the Gr5a-Gal4 driver. Sugars were tested at 500 mM (A) and 100 mM (B) concentration. PER response of flies with the rescue construct is similar to that of the control flies (f03449/d06001), regardless of whether or not the Gr5a-Gal4 driver is present. Each graph is the average of 4-15 experiments 6 SEM (3-11 flies per experiment, 20-105 flies total for each strain and tastant tested). Asterisks indicate a significant difference between the mutant and control strains, as determined by a Student's t test (''*'' indicates p < 0.05, ''**'' indicates p < 0.001, and ''***'' indicates p < 0.0001).
manufacturer's protocol. Each RT-PCR product derived from total head RNA was cloned into the TOPO cloning vector and sequenced in order to prove that the PCR product represents a spliced cDNA product. In all cases, the PCR products were either completely or partially spliced. The relative position of each primer used for RT-PCR is shown in Figure 1C Behavioral Experiments and Statistical Analysis PER assays were performed with a modified version of the protocol described in Wang et al. [1] . Flies were collected on the day of eclosion and allowed to feed in food vials for 2-5 days. Flies were starved for approximately 28-30 hr at 22 to 24 C and mounted the following afternoon. During the mounting process, flies were immobilized with ice rather than carbon dioxide. Mounted flies were allowed to recover from the ice treatment for 2-4 hr in a humidified chamber and were then tested for sensitivity to various tastants with the PER assay.
During the assay, each fly was first administered water and allowed to drink until satiation. Only flies that responded to water were used to calculate PER. The event of a proboscis extension was recorded for each fly after a brief application of the taste solution to the fly's labellum. Each tastant was applied three times per fly, and the flies were given water between each application of a taste solution. Error bars represent 6 the standard error of the mean (SEM), and statistical significance was calculated with the Student's t test (assuming unequal variance).
Supplemental Data
Three figures are available at http://www.current-biology.com/cgi/ content/full/17/20/1809/DC1/.
